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(54) Method of forming an epitaxially grown nitride-based compound semiconductor crystal 
substrate structure and respective substrate structure 



(57) A metal layer is formed directly on a nitride- 
based compound semiconductor base layer over a sub- 
strate body. The metal layer includes at least one metal 
exhibiting an atomic interaction, with assistance of a 
heat treatment, to atoms constituting the base layer to 
promote removal of constitutional atoms from the base 



layer, whereby pores penetrating the metal layer are 
formed, while many voids are formed in the nitride- 
based compound semiconductor base layer. An epitax- 
ial growth of a nitride-based compound semiconductor 
crystal is made with an initial transient epitaxial growth, 
which fills the voids, and a subsequent main epitaxial 
growth over the porous metal layer. 
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Description 

[0001] The present Invention relates to a method of 
forming an epitaxial ly grown nitride-based compound 
semiconductor crystal substrate structure with a re- 
duced dislocation density, and a nitride-based com- 
pound semiconductor crystal substrate structure with a 
reduced dislocation density. 

[0002] Gallium nitride-besod compound semiconduc- 
tors are attractive to persons skilled in the art for a wide 
variety of applications to various semiconductor devic- 
es, for example, light emitting diodes such as blue-color 
light emitting and/or laser diodes. Gallium nitride-based 
compound semiconductors include various compound 
semiconductors including gallium and nitrogen, for ex- 
ample, gallium nitride (GaN), indium gallium nitride (In- 
GaN), and gallium aluminum nitride (GaAIN), and the 
like. The gallium nitride-based compound semiconduc- 
tors are relatively superior in thermal stability and envi- 
ronmental requirements. For these reasons, the re- 
quirements for applying gallium nitride-based com- 
pound semiconductors to advanced various electron 
devices have now been on the increase. 
[0003] It is known to persons skilled in the art that it 
is not easy to realize a desired crystal growth in bulk- 
form or single- layered form of the nitride-based com- 
pound semiconductor crystal, while a single-layered ni- 
tride-based compound semiconductor crystal substrata 
would be desirable, wherein the entire substrate com- 
prises a single layer of a nitride-based compound sem- 
iconductor crystal. 

[0004] In accordance with current practice , however, 
it is generally common to use a single crystal sapphire 
substrate as a base structure for allowing any available 
epitaxial growth such as metal organic vapor phase epi- 
taxy of a nitride-based compound semiconductor crystal 
layer on the sapphire substrate, such that the substrate 
comprises a single crystal sapphire base structure and 
an epitaxiolly grown nitride-based compound semicon- 
ductor crystal layer on the base structure. 
[0005] The sapphire single crystal is different in lattice 
constantfromthe nitride-based compound semiconduc- 
tor crystal. This lattice-mismatch between sapphire and 
nitride-based compound semiconductor is large making 
it difficult to realize a desirable epitaxial growth of the 
nitride-based compound semiconductor crystal directly 
on the surface of the sapphire single crystal. In order to 
solve the above difficult issue, it has been proposed that 
a nitride-based compound semiconductor buffer layer 
such as aluminum nitride or gallium nitride serving as a 
buffer layer is grown at a relatively low temperature on 
the sapphire single crystal for subsequent desirable epi- 
taxial growth of the nitride-based compound semicon- 
ductor crystal directly on the surface of the buffer layer, 
wherein the buffer layer contributes to relax lattice-strain 
of the epitaxially grown nitride-based compound semi- 
conductor crystal due to the lattice-mismatch between 
sapphire and nitride-based compound semiconductor. 



This conventional technique is disclosed in Japanese 
laid-open patent publication No. 63-1 88983, which is in- 
corporated herein as reference. 

[0006] This relaxation by the buffer layer would allow 
5 the epitaxial growth of the nitride-based compound sem- 
iconductor crystal, but still be incapable of removing dis- 
locations from the epitaxially grown nitride-based com- 
pound semicoiiductor crystal, wherein the density of 
such dislocations is likely to be, for example, in the order 
10 of about 1E9 to 1E10 cm" 2 . Such dislocation density 
range would be still higher than a desirable low disloca- 
tion density range for practical application to a variety 
of gallium nitride-based compound semiconductor de- 
vices such as laser diodes and light emitting diodes. 
[0007] In recent years, some techniques for reducing 
the density of crystal defects and dislocations of the epi- 
taxially grown gallium nitride crystal over the sapphire 
single crystal were reported, for example, an epitaxial 
lateral overgrowth as disclosed in Applied Physics Let- 

20 ter 71,(18) 2638 (1 997), incorporated herein as a refer- 
ence, and a facet-initiated epitaxial lateral overgrowth 
as disclosed in Japan Journal of Applied Physics 38, 
L184 (1999), incorporated herein as further reference, 
as well as a pendio-epitaxy as disclosed in MRS Internet 

25 Journal Nitride Semiconductor Res. 4S1 , G3, 38 (1 999), 
incorporated herein as still another reference. 
[0008] In accordance with those growth techniques, 
a patterned Si0 2 mask is disposed on a surface of a 
gallium nitride base layer epitaxially grown overthe sap- 

30 phire substrate, for subsequent selective epitaxial 
growth of the gallium nitride layer through openings of 
the patterned Si0 2 mask from exposed surface regions 
of the gallium nitride base layer, wherein lateral growth 
of the gallium nitride crystal over the patterned Si0 2 

35 mask is caused with changing the epitaxial growth di- 
rection of the gallium nitride crystal, so that this change 
in the epitaxial growth direction contributes to discontin- 
ue propagation of the dislocations through openings of 
the patterned Si0 2 mask from exposed surface regions 

40 of the gallium nitride base layer. The further develop- 
ment made of those growth techniques results in some- 
what effective reduction in the dislocation density to the 
order of approximately 1 E7 cm* 2 . An example of those 
growth techniques is also disclosed in Japanese laid- 

45 open patent publication No. 10-312971, incorporated 
herein as yet another reference. 
[0009] The above-described growth techniques utiliz- 
ing the patterned Si0 2 mask, of course, need additional 
processes for forming the patterned Si0 2 mask on the 

so surface of the gallium nitride base layer epitaxially 
grown over the sapphire substrate. Those additional 
processes may, for example, be as follows. An Si0 2 film 
is deposited on the surface of the gallium nitride base 
layer by using any available deposition method such as 

55 a chemical vapor deposition method. A resist material 
is applied on the surface of the Si0 2 film. The resist film 
is then exposed and subsequently developed in photo- 
lithography processes to obtain a resist pattern on the 
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Si0 2 film. The Si0 2 film is selectively etched by the re- 
sist pattern, followed by removal of the resist pattern and 
cleaning process, thereby to obtain the patterned Si0 2 
mask. Those sequential processes for forming the pat- 
terned Si0 2 mask are complicated and time-consuming s 
and also need highly accurate advanced micro-lithogra- 
phy techniques. This provides a restriction to a desirable 
improvement in the yield and re-productivity of the pat- 
terned Si0 2 mask. 

[0010] The above-described growth techniques, uti- 10 
lizing the patterned Si0 2 mask, may also include numer- 
ous heat treatment processes and cleaning processes, 
and cause pollution and damage to the substrate due to 
handling. Notwithstanding, the above-described growth 
techniques, utilizing the patterned Si0 2 mask, result in 15 
still higherdislocation density levels than the desired low 
levels for practical application to the advanced laser di- 
ode and/or light emitting diode. Namely, the above-de- 
scribed growth techniques do not satisfy the actual re- 
quirement for practical application . This is because the 20 
gallium nitride crystal epitaxially grown over the pat- 
terned Si0 2 mask exhibits a crystal strain generation 
due to the difference in growth mechanism or direction 
between a region covered by the patterned Si0 2 mask 
and another region uncovered thereby. This crystal 25 
strain generation causes a tilt of crystal axis of the gal- 
lium nitride crystal. This is disclosed in Journal of Crystal 
Growth 208 (2000) pp. 804-808, incorporated herein as 
a reference. 

[001 1 ] In the above circumstances, the developments 30 
of a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure as well as such a substrate free from the above 
problems are desirable. 

[001 2] Accordingly, it is an object of the present inven- 35 
tion to provide a novel method of forming an epitaxially 
grown nitride-based compound semiconductor crystal 
substrate structure free from the above problems. 
[001 3] It is a further object of the invention to provide 
a method of forming such structure, wherein at least an 40 
upper region of the substrate structure has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 
based compound semiconductor devices such as the *s 
laser and/or light-emitting diodes. 
[0014] It is a still further object of the invention to pro- 
vide such method of forming such substrate, wherein at 
least an upper region of the single-layered substrate has 
a reduced dislocation or defect density level which is so 
generally lower than a minimum-required low density 
range for numerous applications to a variety of ad- 
vanced nitride-based compound semiconductor devic- 
es such as laser and light-emitting diodes. 
[0015] It is yet a further object of the invention to pro- 55 
vide such method of forming such substrate, wherein 
the entire single-layered substrate generally has a re- 
duced dislocation or defect density level which is gen- 
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erally lower than a minimum-required low density range 
for numerous applications to a variety of advanced ni- 
tride-based compound semiconductor devices such as 
laser and light-emitting diodes. 

[0016] It is another object of the invention to provide 
a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure with such a reduced dislocation or defect den- 
sity level, without using any patterned insulator mask, 
as generally lower than a minimum-required low density 
range for numerous applications to a variety of ad- 
vanced nitride-based compound semiconductor devic- 
es such as laser and light-emitting diodes. 
[001 7] It is a further object of the invention to provide 
a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure with a reduced dislocation or defect density 
level, without using any micro-lithography process, as 
generally lower than a minim urn- required low density 
range for numerous applications to a variety of ad- 
vanced nitride-based compound semiconductor devic- 
es such as laser and/or light-emitting diodes. 
[0018] It is another object of the invention to provide 
a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure with such a reduced dislocation or defect den- 
sity level, without using additional, complicated and/or 
time-consuming processes, as generally lower than a 
minimum-required low density range for numerous ap- 
plications to a variety of advanced nitride-based com- 
pound semiconductor devices such as laser and light- 
emitting diodes. 

[0019] It is another object of the invention to provide 
a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure with such a reduced dislocation or defect den- 
sity level, at relatively high yield, relatively low cost, and/ 
or a relatively high re-productivity, as generally lower 
than a minimum-required low density range for numer- 
ous applications to a variety of advanced nitride-based 
compound semiconductor devices such as laser and 
light-emitting diodes. 

[0020] It is a further object of the invention to provide 
a novel method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure with a reduced dislocation or defect density 
level, without using environmentally undesirable proc- 
esses, e.g. somehow dangerous chemicals such as a 
fluorine acid solutions or organic solvents in cleaning 
process, as generally lower than a minimum-required 
low density range for numerous applications to a variety 
of advanced nitride-based compound semiconductor 
devices such as the laser diode and light-emitting di- 
odes. 

[0021] It is another object of the invention to provide 
a novel epitaxially grown nitride-based compound sem- 
iconductor crystal substrate structure avoiding the 
above problems. 
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[0022] It is yet another object of the invention to pro- 
vide such structure, wherein at least an upper region 
thereof has a reduced dislocation or defect density level 
which is generally lower than a minimum-required low 
density range for numerous applications to a variety of 5 
advanced nitride-based compound semiconductor de- 
vices such as the laser diode and light-emitting diodes. 
[0023] It is still another object of the invention to pro- 
vide a novel epitaxially grown single-layered nitride- 
based compound semiconductor crystal substrate, 10 
wherein at least an upper region thereof has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 
based compound semiconductor devices such as the 15 
laser diode and light-emitting diodes. 
[0024] It is yet another object of the invention to pro- 
vide a novel epitaxially grown single-layered nitride- 
based compound semiconductor crystal substrate, 
wherein the entirety thereof generally has a reduced dis- 20 
location or defect density level which is generally lower 
than a minimum-required low density range for numer- 
ous applications to a variety of advanced nttritde-based 
compound semiconductor devices such as the laser di- 
ode and light-emitting diodes. 25 
[0025] It is still another object of the invention to pro- 
vide a novel epitaxially grown nitride-based compound 
semiconductor crystal substrate structure, free of any 
patterned insulator mask, with such reduced dislocation 
or defect density level, as generally lower than a mini- 30 
mum- required low density range for numerous applica- 
tions to a variety of advanced nitride-based compound 
semiconductor devices such as the laser diode and 
light-emitting diodes. 

[0026] It is a further object of the invention to provide 35 
a novel nitride-based compound semiconductor device 
formed over an epitaxially grown nitride-based com- 
pound semiconductor crystal substrate structure avoid- 
ing the above problems. 

[0027] It is a further additional object of the invention 40 
to provide a novel nitride-based compound semicon- 
ductor device formed over an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure, wherein at least an upper region of the sub- 
strate structure has a reduced dislocation or defect den- *s 
sity level which is generally lower than a minimum-re- 
quired low density range for numerous applications to a 
variety of advanced nitride-based compound semicon- 
ductor devices such as the laser diode and light-emitting 
diodes. 

[0028] It is a still additional object of the invention to 
provide a novel nitride-based compound semiconductor 
device formed over an epitaxially grown single-layered 
nitride-based compound semiconductor crystal sub- 
strate, wherein at least an upper region of the single- 
layered substrate has a reduced dislocation or defect 
density level which is generally lower than a minimum- 
required low density range for numerous applications to 



a variety of advanced nitride-based compound semi- 
conductor devices such as the laser diode and light- 
emitting diodes. 

[0029] It is yet another object of the invention to pro- 
vide a novel nitride-based compound semiconductor 
device formed over an epitaxially grown single-layered 
nitride-based compound semiconductor crystal sub- 
strate, wherein an entirety of the single-layered sub- 
strate generally has a reduced dislocation or defect den- 
sity level which is generally lower than a minimum-re- 
quired low density range for numerous applications to a 
variety of advanced nitride-based compound semicon- 
ductor devices such as the laser diode and light-emitting 
diodes. 

[0030] It is still another object of the invention to pro- 
vide a novel nitride-based compound semiconductor 
device formed over an epitaxially grown nitride-based 
compound semiconductor crystal substrate structure, 
free of any patterned insulator mask with such reduced 
dislocation or defect density level as generally lower 
than a minimum-required low density range for numer- 
ous applications to a variety of advanced nitride-based 
compound semiconductor devices such as the laser di- 
ode and light-emitting diodes. 

[0031] In accordance with a primary aspect of the in- 
vention, a metal layer is formed directly on a nitride- 
based compound semiconductor base layer over a sub- 
strate body, wherein the metal layer includes at least 
one selected from the group consisting of metals exhib- 
iting an atomic interaction, with assistance of heat treat- 
ment, to atoms constituting the nitride-based compound 
semiconductor base layerto promote removal of consti- 
tutional atoms from the nitride-based compound semi- 
conductor base layer, whereby many pores penetrating 
the metal layer are formed with a generally uniform dis- 
tribution, while many voids are formed in the nitride- 
based compound semiconductor base layer with anoth- 
er generally uniform distribution. Thereafter, an epitaxial 
growth of a nitride-based compound semiconductor 
crystal is made with an initial transient epitaxial growth, 
which fills the voids, and a subsequent main epitaxial 
growth over the porous metal layer. 
[0032] The above and other objects, features and ad- 
vantages of the present invention will be apparent from 
the following description. 

[0033] Preferred embodiments according to the in- 
vention will be described in detail with reference to the 
accompanying drawings. 

[0034] FIG. 1 is a fragmentary cross sectional eleva- 
tion view of an epitaxially grown GaN substrate struc- 
ture. 

[0035] FIGS. 2A through 2D are fragmentary cross 
sectional elevation views of substrate structures in se- 
quential steps involved in a method for forming an epi- 
taxially grown GaN substrate structure. 
[0036] FIG. 3 is a diagram of the result of an X-ray 
diffraction measurement of a substrate with a deposited 
titanium metal layer which is not heat-treated in one step 
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involved in a method for forming an epitaxially grown 
GaN substrate structure. 

[0037] FIG. 4 is a diagram of the result of an X-ray 
diffraction measurement of a substrate with a deposited 
titanium metal layer which is heat-treated in another 5 
step involved in a method for forming an epitaxially 
grown GaN substrate structure. 

[0038] FIG. 5 is a copy of an SEM-photograph show- 
ing a surface of a deposited titanium metal layer which 
is heat-treated and deposited over a GaN base layer . io 
[0039] FIG. 6 is a copy of an SEM-photograph show- 
ing a section of a substrate structure with a deposited 
titanium metal layer which is heat-treated. 
[0040] FIGS. 7A through 7H are fragmentary cross 
sectional elevation views of substrate structures in se- is 
quential steps involved in a method for forming an epi- 
taxially grown GaN substrate structure. 
[0041] FIGS. 8A through 81 are fragmentary cross 
sectional elevation views of substrate structures in se- 
quential steps involved in a method for forming an epi- 20 
taxially grown GaN substrate structure. 
[0042] In accordance with a primary aspect of the 
present Invention, a metal layer is formed directly on a 
nitride-based compound semiconductor base layer over 
a substrate body, wherein the metal layer includes at 25 
least one selected from the group consisting of metals 
exhibiting atomic interaction, with assistance of a ther- 
mal energy, to atoms constituting the nitride-based com- 
pound semiconductor base layer to promote removal of 
constitutional atoms of the nitride-based compound 30 
semiconductor base layer, whereby many pores pene- 
trating the metal layer are formed, while many voids are 
formed in the nitride-based compound semiconductor 
base layer. Thereafter, an epitaxial growth of a nitride- 
based compound semiconductor crystal is made, in- 35 
eluding an initial transient epitaxial growth, which fills the 
voids, and a subsequent main epitaxial growth over the 
porous metal layer. This results in an epitaxially grown 
nitride-based compound semiconductor crystal layer 
over the porous metal layer, wherein at least an upper 40 
region or an entity of the epitaxially grown nitride-based 
compound semiconductor crystal layer has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 45 
based compound semiconductor devices such as the 
laser diode and light-emitting diodes. 
[0043] For the metal layer, one or more metals may 
be selected in view of the following mechanism of re- 
moval of constituting atoms of the nitride-based com- so 
pound semiconductor base layer. It is important for 
causing removal of constituting atoms of the nitride- 
based compound semiconductor base layer to form the 
voids in the nitxide-based compound semiconductor 
base layer that the metal is capable of taking nitrogen 55 
atoms thereunto from the nitride-based compound sem- 
iconductor base layer in assistance with a thermal en- 
ergy supplied, thereby to form metal nitride in the metal 



layer. 

[0044] If metal nitride of the metal layer has a lower 
free energy than the free energy of the nitride-based 
compound semiconductor base layer, then this implies 
that the metal in the metal layer generally tends to take 
nitrogen atoms thereunto from the nitride-based com- 
pound semiconductor base layer in assistance with a 
thermal energy supplied, so that remaining one or more 
elements of the nitride-based compound semiconductor 
base layer become unstable and are generally likely to 
be eliminated from the surface of the nitride-based com- 
pound semiconductor base layer. This results in the for- 
mation of the voids. 

[0045] In contrast to the invention, however, if metal 
nitride of the metal layer has a higher free energy than 
the free energy of the nitride-based compound semicon- 
ductor base layer, then this implies that the metal in the 
metal layer is generally incapable of taking nitrogen at- 
oms thereunto from the nitride-based compound semi- 
conductor base layer in assistance with a thermal ener- 
gy supplied. 

[0046] Accordingly, in accordance with the invention, 
the metal for the metal layer should be selected in con- 
nection with the nitride-based compound semiconduc- 
tor of the base layer, such that a nitride of the selected 
metal has a lower free energy than the free energy of 
the nitride-based compound semiconductor base layer. 
This implies that such selected at least one metal exhib- 
its an atomic interaction, with assistance of a thermal 
energy, to atoms constituting the nitride-based com- 
pound semiconductor base layer and the selected at 
least one metal is likely to take nitrogen atoms from the 
nitride-based compound semiconductor base layer and 
to promote removal of constitutional atoms of the nitride- 
based compound semiconductor base layer, whereby 
many pores penetrating the metal layer are formed, 
while many voids are formed in the nitride-based com- 
pound semiconductor base layer. 
[0047] In accordance with the invention, there is also 
important the epitaxial growth of the nitride-based com- 
pound semiconductor crystal in combination with the 
above process for forming the pores penetrating the 
metal layer and the voids in the nitride-based compound 
semiconductor base layer. The epitaxial growth of the 
nitride-based compound semiconductor crystal in- 
cludes an initial transient epitaxial growth process for 
filling the voids with the nitride-based compound semi- 
conductor crystal and a subsequent main epitaxial 
growth process for growing the nitride-based compound 
semiconductor crystal over the metal layer. 
[0048] In the initial transient epitaxial growth process, 
source materials of the nitride-based compound semi- 
conductor crystal are supplied through the pores which 
penetrate the nitride metal layer into the voids, so that 
the epitaxial growth is caused or initiated from the sur- 
faces of the voids, whereby the voids are completely 
filled with the nitride-based compound semiconductor 
crystal which has a lower dislocation density than a dis- 
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location density of the nitride-based compound semi- 
conductor base layer due to change in direction of the 
propagation of the dislocation. Further, the porous metal 
nitride layer may contribute to block or discontinue fur- 
ther propagation in upward direction of the dislocations 5 
from the nitride-based compound semiconductor base 
layer. 

[0049] After the voids have been completely filled with 
the nitride-based compound semiconductor crystal by 
the initial transient epitaxial growth process, then the in- 10 
itial transient epitaxial growth process is continuously 
subsequent to the main epitaxjal growth process, 
wherein the pores of the porous metal nitride layer are 
completely filled with the nitride-based compound sem- 
iconductor crystal, and further micro-projections from 15 
the pores of the porous metal nitride layer are formed. 
[0050] Those micro-projections have generally trian- 
gle sectioned shape such as generally isosceles triangle 
sectioned shape, of the nitride-based compound semi- 
conductor crystal which is lower in dislocation density 20 
than the nitride-based compound semiconductor base 
layer due to the change in direction of the propagation 
of the dislocation as well as blocks or discontinuation by 
the metal nitride layer to further propagation in upward 
direction of the dislocations into or through the micro- 25 
projections of the nitride-based compound semiconduc- 
tor crystal. 

[0051] The main epitaxial growth process further con- 
tinues growth of the micro-projections of the nitride- 
based compound semiconductor crystal, so that adja- 30 
cent micro-projections will become united with each oth- 
er during the continuous epitaxial growth, whereby the 
directions of the propagation of the dislocations are 
changed, and the dislocation propagated generally in 
the upward direction has a further lower dislocation den- 35 
sity than the nitride based compound semiconductor 
crystal which fills the voids. 

[0052] The main epitaxial growth process will result in 
the formation, over the porous metal nitride layer, of the 
epitaxially grown nitride-based compound semiconduc- *o 
tor crystal layer with an upper region or a surface region 
which has a lower dislocation density than the disloca- 
tion density of the micro-projections, because what will 
reach the upper region or the surface region are the dis- 
locations propagated generally in the upward direction 45 
with a further in average lower dislocation density than 
the filling nitride-based compound semiconductor crys- 
tal which fills the voids. As described above, the micro- 
projections are further, on average, lower in dislocation 
density than the filling nitride-based compound semi- so 
conductor crystal which fills the voids, which, on aver- 
age, is lower than the nitride-based compound semicon- 
ductor base layer. 

[0053] Accordingly, the upper region or the surface re- 
gion of the epitaxially grown nitride-based compound 55 
semiconductor crystal layer over the porous metal ni- 
tride layer has a much lower dislocation density in aver- 
age than the nitride-based compound semiconductor 



base layer. The semiconductor device such as the laser 
diode or the light emitting diode is formed over the upper 
region or the surface region of the epitaxially grown ni- 
tride-based compound semiconductor crystal layer. The 
much lower dislocation density of the upper region or 
the surface region of the epitaxially grown nitride-based 
compound semiconductor crystal layer allows an ad- 
vanced semiconductor device on the upper region orthe 
surface region to exhibit improved high performances 
with high reliance. 

[0054] Since the sufficiently low dislocation density of 
the upper region or the surface region of the epitaxially 
grown nitride-based compound semiconductor crystal 
layer over the metal layer is important for the semicon- 
ductor device formed thereon, it is optionally possible to 
remove the metal layer and the nitride-based compound 
semiconductor base layer with an underlying substrate 
body, over which the nitride-based compound semicon- 
ductor base layer is formed, thereby to obtain a single- 
layered epitaxially grown nitride-based compound sem- 
iconductor crystal substrate which simply comprises the 
above-described epitaxially grown nitride-based com- 
pound semiconductor crystal layer. 
[0055] It will be apparent to persons skilled in the art 
that the nitride-based compound semiconductor base 
layer may be formed over any available crystal substrate 
body which supports the nitride-based compound sem- 
iconductor base layer. The substrate body may, for ex- 
ample, be a sapphire substrate or any other glass sub- 
strate with or without a buffer layer interposed between 
the nitride-based compound semiconductor base layer 
and the crystal substrate body. The interposing buffer 
layer is to relax stress of the nitride-based compound 
semiconductor base layer due to the difference in lattice 
constant between the nitride-based compound semi- 
conductor base layer and the crystal substrate body. 
[0056] It will be apparent to persons skilled in the art 
that the above epitaxial growth may be performed using 
a preferred one of any available growth methods such 
as metal organic chemical vapor deposition, molecular 
beam epitaxy and hydride vapor phase epitaxy. 
[0057] in preferred embodiments, it was found that 
the heat treatment for forming the pores penetrating the 
metal film and also forming the voids in the nitride-based 
compound semiconductor base layer may advanta- 
geously be carried out in the presence of a hydrogen- 
containing atmosphere, wherein hydrogen included in 
the atmosphere generally promotes the formation of the 
voids in the nitride-based compound semiconductor 
base layer. One of the typical nitride-based compound 
semiconductors is gallium nitride. In this case, hydrogen 
included in the atmosphere also promotes the formation 
of the voids in the nitride-based compound semiconduc- 
tor base layer. 

[0058] In other preferred embodiments, it was also 
found that nitration of the metal layer favors or assists 
the epitaxial growth of the nitride-based compound sem- 
iconductor crystal over the metal nitride layer. One of 
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the typical nitride-based compound semiconductors is 
gallium nitride, and one of the typical metal layer is a 
titanium-containing layer. In this case, nitration of the ti- 
tanium-containing layer is preferable for the epitaxial 
growth of the gallium nitride crystal over the titanium ni- s 
tride based metal layer. The nitration of the metal layer 
may automatically be carried out by exposing the metal 
layer to a nitrogen-containing atmosphere for the epi- 
taxial growth of the nitride-based compound semicon- 
ductor crystal over the metal nitride layer with supply of 10 
thermal energy, for example, during heat treatment In 
order to improve re-productivity of the desirable epitaxial 
growth of the nitride-based compound semiconductor 
crystal over the metal nitride layer, it is preferable that 
nitrogen gas is added into the atmosphere with control is 
of nitrogen content level in the atmosphere for further 
promotion of the nitration of the metal layer with supply 
of thermal energy, for example, during heat treatment. 
As described above, the at least one metal is selected 
for the metal layer in view that the at least one metal is 20 
capable of taking nitrogen atoms thereunto from the ni- 
tride-based compound semiconductor base layer with 
assistance of thermal energy as supplied, for example, 
with the heat treatment, in order to form the voids in the 
nitride-based compound semiconductor base layer. 25 
This also results in further promotion of nitration of the 
metal layer. In view of the promotion of the voids in com- 
bination with the other promotion to the nitration of the 
metal layer, it is, therefore, more preferable to add to the 
atmosphere not only hydrogen gas or hydrogen atoms 30 
which promote the formation of the voids but also nitro- 
gen gas or nitrogen atoms. 

[0059] The pores should be pores which penetrate the 
metal layer allowing supply of the epitaxial growth 
source gas through the penetrating pores into the voids. 35 
It is preferable that thickness of the metal layer is decid- 
ed in consideration of the possibility of forming the pores 
which penetrate the layer. If the thickness of the metal 
layer is extensive, this makes it difficult to form pores 
which penetrate the metal layer. As described above, 40 
the selected at lest one metal is capable of taking nitro- 
gen atoms from the nitride-based compound semicon- 
ductor base layer with assistance of the thermal energy 
as supplied by the heat treatment. The kinds of the se- 
lectable metals are restricted. The typical upper limit of *s 
the preferable thickness range for the metal layer is ap- 
proximately less than the micron-order. If the metal layer 
is a titanium-containing metal layer, the critical thickness 
may be approximately 500 nanometers for allowing for- 
mation of the pores with generally uniform distribution 50 
over the metal layer. Namely, the thickness of the titani- 
um-containing metal layer is preferably not more than 
approximately 500 nanometers. As described above, 
this metal layer is nitrated with the supply of thermal en- 
ergy and by exposing the metal layer to the nitrogen- ss 
containing atmosphere and also the above-described 
phenomenon that the selected metal takes nitrogen at- 
oms from the nitride-based compound semiconductor 



be layer. The above typical critical value of the thickness 
is for the thickness of the unnitratcd metal layer before 
the nitration reaction, while the thickness of the metal 
nitride layer may often be larger than the thickness of 
the unnitrated metal layer. 

[0060] If the thickness of the metal layer is larger than 
the critical upper limit of the available thickness range, 
then this makes it difficult to form small or fine pores 
which penetrate the metal layer, resulting in difficulty of 
the initial transient epitaxial growth of filling the voids 
with the nitride-based compound semiconductor crystal. 
Further, a larger thickness than the critical upper limit 
may generally cause deterioration in the planarity of the 
metal layer surface, resulting in generation of defects or 
dislocation in the epitaxially grown nitride-based com- 
pound semiconductor crystal over the metal layer, or 
even Worse, prevention to the epitaxial growth over the 
metal. 

[0061] A generally uniform distribution of fine pores 
over the metal layer is preferable, and ideally, an aver- 
age diameter of the pores and an average distance be- 
tween adjacent two of the pores may more preferably 
be in the order of 0.1 micron, provided that such prefer- 
able average diameter and distance of the pores are 
generally likely to depend on the boundary conditions 
for the effect of the reduction in the dislocation density 
of the epitaxially grown nitride-based compound semi- 
conductor crystal over the metal layer, wherein the 
boundary conditions further depend on combination of 
the thickness of the nitride-based compound semicon- 
ductor base layer, the thickness of the metal layer, the 
metal material for the metal layer, the heat treatment 
conditions, the epitaxial growth conditions for epitaxially 
growing the nitride-based compound semiconductor 
crystal over the metal layer. 

[0062] A generally uniform dietribution of the voids 
over the metal layer is preferable for obtaining a gener- 
ally uniform dislocation density over the epitaxially 
grown nitride-based compound semiconductor. This will 
be apparent to persons stilled in the art from the above 
description of the mechanism of reduction in the dislo- 
cation density of the epitaxially grown nitride-based 
compound semiconductor crystal over the metal layer. 
The shape of each void is likely to depend on the crystal 
structure, but the size of the voids depends on the var- 
ious process conditions. The control in size of the voids 
may also be preferable in view of the effective reduction 
in the dislocation density of the epitaxially grown nitride- 
based compound semiconductor crystal which fills the 
voids. It is preferable that average depth of the voids is 
generally not less than approximately 1 0 nanometers. 
If the average depth of the voids is much less than ap- 
proximately 10 nanometers, dislocations may generally 
appear in the void-filling nitride-based compound sem- 
iconductor crystal within the voids, resulting in inefficient 
or ineffective reduction of the dislocation density of the 
epitaxially grown nitride-based compound semiconduc- 
tor crystal over the metal layer. 
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[0063] The efficiency or the effect of reduction of the 
dislocation density of the epitaxially grown nitride-based 
compound semiconductor crystal over the metal layer 
is further likely to depend on a porosity rate of the void- 
formed surface of the nitride-based compound semicon- s 
ductor base layer in addition to the factors described 
above. Increasing the porosity rate is likely to increase 
the efficiency of reduction in the dislocation density of 
the epitaxially grown nitride-based compound semicon- 
ductor crystal over the metal layer. An excessively low 10 
porosity rate results in insufficient reduction in the dis- 
location density of the epitaxially grown nitride-based 
compound semiconductor crystal over the metal layer. 
An excessively low porosity rate results in the possible 
peeling of the metal layer from the void-formed surface is 
of the nitride-based compound semiconductor base lay- 
er. A typical and preferable porosity rate may be in the 
range of 1 0% to 90%. 

[0064] As described above, the mechanism for form- 
ing the voids in the nitride-based compound semicon- 20 
ductor base layer is that the selected at least one metal 
of the metal layer is likely to take nitrogen atoms from 
the nitride-based compound semiconductor base layer, 
assisted by the thermal energy supplied by the heat 
treatment, on the ground that the free energy of the ni- 25 
tride of the selected at least one metal of the metal layer 
is lower than the free energy of the nitride-based com- 
pound semiconductor base layer. The minimum thermal 
energy level necessary for allowing the selected at least 
one metal of the metal layer to take nitrogen atoms from 30 
the nitride-based compound semiconductor base layer 
would depend on combinations of one or more consti- 
tuting elements for the metal layer and constituting ele- 
ments for the nitride-based compound semiconductor 
base layer. In general, a largerthermal energy ora high- 35 
er temperature treat treatment is likely to be preferable. 
Typical and preferable temperature of the heat treat- 
ment is at least approximately 700° C. Decreasing the 
temperature from 700°C decreases the efficiency of the 
atomic decomposition of the nitride-based compound 40 
semiconductor, or the efficiency that the selected at 
least one metal of the metal layer does take nitrogen 
atoms from the nitride-based compound semiconductor 
base layer. This results in an inefficient formation of the 
voids. 45 
[0065] After the heat treatment for forming the pores 
in the metal layer and the voids in the nitride-based com- 
pound semiconductor base layer is carried out under the 
above-described atmospheric and temperature prefer- 
able conditions, the epitaxial growth for filling the voids so 
and growing the nitride-based compound semiconduc- 
tor crystal over the metal layer will occur. It is preferable 
that the heat treatment and subsequently the epitaxial 
growth are carried out in the same reaction chamber se- 
quentially without exposure to open atmosphere, in or- 55 
der to keep the surface of the substrate in clean and 
obtain the desirable epitaxial growth at high purity with 
less formation of crystal defects or dislocations in the 
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epitaxially grown nitride-based compound semiconduc- 
tor crystal over the metal layer. 

[0066] The mechanism for reducing the dislocation 
density of the epitaxially grown nitride-based compound 
semiconductor crystal layer is as described above in de- 
tail. The above-described mechanism is, of course, ap- 
plicable to a variety of nitride-based compound semi- 
conductors, typically, gallium-nitride based compound 
semiconductors such as gallium nitride. In accordance 
with the above-described dislocation density reduction 
mechanism, the dislocation density of the upper region 
or the upper surface of the epitaxially grown nitride- 
based compound semiconductor crystal layer over the 
metal layer generally may be, on average, reduced to 
at most approximately the order of 1 E8 cm-2. Typically, 
the dislocation density of the upper region or the upper 
surface of the epitaxially grown gallium-nitride based 
compound semiconductor crystal layer over the metal 
layer may be reduced to at most approximately 1 E8 
cm" 2 . 

[0067] In view of the reduction in the dislocation den- 
sity of the epitaxially grown nitride-based compound 
semiconductor crystal, it is preferable that the epitaxial 
growth from the void-formed surface of the nitride-based 
compound semiconductor base layer is made in the 
presence of the metal layer, because the metal layer 
blocks a majority of propagations in the generally up- 
ward direction of the dislocations from the nitride-based 
compound semiconductor base layer. Notwithstanding, 
the pores penetrating the metal layer allows a minority 
of the dislocations to further propagate to the micro-pro- 
jections from the pores over the metal layer. However, 
the above-described mechanism in connection with the 
reduction of the dislocation density prevents or controls 
further more propagations of the dislocations in the gen- 
erally upward direction, resulting in the desirable low 
dislocation density of the epitaxially grown nitride-based 
compound semiconductor crystal over the metal layer. 
[0068] In contrast to the invention, if the epitaxial 
growth from the void-formed surface of the nitride-based 
compound semiconductor base layer is made in the ab- 
sence of the metal layer, then this allows a minority of 
dislocations to further propagate to the epitaxially grown 
nitride-based compound semiconductor crystal, result- 
ing in insufficient reduction of the dislocation density 
[0069] Also in contrast to the invention, if no voids are 
formed and the epitaxial growth from a void-free surface 
of the nitride-based compound semiconductor base lay- 
er is made in the presence of the metal layer, this does 
not utilize the above-descried mechanism for reduction 
in the dislocation density by the initial transient epitaxial 
growth in the voids, resulting also in insufficient reduc- 
tion of the dislocation density. The epitaxial growth of a 
gallium nitride layer from the void-free surface of a gal- 
lium nitride base layer in the presence of a titanium ni- 
tride film overlying the void-free surface results in insuf- 
ficient reduction of the dislocation density. This epitaxial 
growth is undesirable in view of reduction of the dislo- 
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cation density because this epitaxial growth is not in- 
tended to reduce the dislocation density. The undesira- 
ble spitaxial growth of a gallium nitride layer from the 
void-free surface of a gallium nitride base layer in the 
presence of a titanium nitride film overlying the void-free 
surface is disclosed in Japanese laid-open patent pub- 
lications Nos. 10-321954 and 11-260835 which are in- 
corporated herein as references. 
[0070] Accordingly, the above-described combined 
presence of both the voids and the metal layer in the 
epitaxial growth according to the present invention is im- 
portant for obtaining the desirably low dislocation den- 
sity of the epitaxially grown nitride-based compound 
semiconductor crystal. 

[0071 ] It is preferable that for the crystal perfection of 
the upper region or the upper surface of the epitaxially 
grown nitride-based compound semiconductor crystal 
over the metal layer, a full width at half maximum of a 
(0002)-diffraction rocking curve and another full width at 
half maximum of a (1 0-1 0) -diffraction rocking curve are 
both at most 0.1 degree. The measurement to the full 
width at half maximum of the diffraction rocking curve 
may optionally be made by using any available X-ray, 
for example, a Cuk a 1 single-color X-ray with a quad- 
crystal monochrome. The full width at half maximum of 
the (0002)-diffraction rocking curve and the other full 
width at half maximum of the (10-10)-diffraction rocking 
curve correspond, respectively, to a tilted angle and a 
twisted angle of the crystal grains in the upper region or 
the upper surface of the epitaxially grown nitride-based 
compound semiconductor crystal. For the epitaxially 
grown gallium nitride crystal over the sapphire substrate 
according to the conventional growth method without 
forming the voids and in the absence of the metal layer, 
the twisted angle is normally not less than 0.1 degree, 
and the dislocation density of the epitaxially grown gal- 
lium nitride crystal is above 1 E8 cm" 2 . If both of the full 
width at half maximum of the (0002)-diffraction rocking 
curve and the other full width at half maximum of the 
(10-10)-diffraction rocking curve are no more than 0.1 
degree, this implies that the dislocation density of the 
epitaxially grown gallium nitride crystal is no more than 
1 E8 cm" 2 . 

[0072] It is preferable for application to the substrate 
for a variety of the semiconductor devices that the epi- 
taxially grown gallium nitride crystal obtained in accord- 
ance with the present invention has a high surface 
planarity over a relatively wide area or in a long length 
order which is larger than the device length of the ap- 
plied semiconductor device. The surface planarity pro- 
vides influence on the efficiency of picking up emitted 
light from the laser diode through the substrate. For ap- 
plication to the gallium nitride compound semiconductor 
laser diode, it is preferable for obtaining a relatively high 
surface planarity that the surface planarity of the epitax- 
ially grown gallium nitride crystal is within approximately 
± 0.2 micrometers with reference to a reference plane 
in a length order of approximately 500 micrometers. 



[0073] In a preferred embodiment, the surface region 
of the epitaxially grown nitride-based compound semi- 
conductor crystal over the metal layer has a C-plane, In 
order to form such C-plane, it is preferable that the ni- 

5 tride-based compound semiconductor base layer has a 
surface generally oriented to [0001 J, and the metal layer 
has a hexagonal crystal structure generally oriented to 
[000 1 ], or that the nitride-based compound semiconduc- 
tor base layer has a surface generally oriented to [0001 ], 

io and the metal layer has a cubic crystal structure gener- 
ally oriented to [111]. For example, if the nitride-based 
compound semiconductor base layer is formed over a 
crystal supporting substrate, then it is preferable that the 
crystal supporting substrate has a crystal structure gen- 

15 erally oriented to [0001 ] with an off-angle of at moat 0. 1 
degree, and more preferably just oriented to [0001] wj 
a zero off-angle. 

[0074] In a preferred embodiment, it will be apparent 
to a person skilled in the art that the above-descried sub- 
20 strate structure may optionally be formed over a crystal 
supporting substrate such as a sapphire substrate. 
Namely, the nitride-based compound semiconductor 
base layer is formed over the crystal supporting sub- 
strate such as a sapphire substrate. Further, one or 
25 more buffer layers may optionally be interposed be- 
tween the crystal supporting substrate and the above- 
descried substrate structure. Namely, the nitride-based 
compound semiconductor base layer is formed on the 
one or more buffer layers over the crystal supporting 

30 substrate such as a sapphire substrate. 

[0075] For the above-described substrate structure in 
accordance with the invention, the epitaxially grown ni- 
tride-based compound semiconductor crystal over the 
metal layer is used for formation of the semiconductor 

35 device. This means that after the epitaxially grown ni- 
tride-based compound semiconductor crystal with re- 
duced dislocation density has been obtained, the metal 
layer and other underlying structure under the metal lay- 
er are not necessarily needed for forming the semicon- 

40 ductor device. It is, therefore, possible that after the epi- 
taxially grown nitride-based compound semiconductor 
crystal has been formed over the metal layer, the crystal 
supporting substrate, the nitride-based compound sem- 
iconductor base layer and the metal layer may optionally 

45 be removed to form a single layered substrate structure 
of the epitaxially grown nitride-based compound semi- 
conductor crystal. Known techniques such as etching to 
persons skilled in the art may advantageously be used 
for the method of removing those layers. 

so [0076] In a preferred embodiment, in view of further 
reduction to the dislocation density of the epitaxially 
grown nitride-based compound semiconductor crystal, 
it is effective to utilize a dielectric mask pattern in the 
epitaxial growth. The bottom surface of the dielectric 

55 mask pattern contributes to block further propagation in 
generally upward direction of the dislocation. Further, 
gaps of the dielectric mask pattern allow epitaxial growth 
through them, wherein small projections of the epitaxi- 
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ally grown nitride-based compound semiconductor 
crystal are formed within the gaps, before the epitaxial 
growth is further continued in not only vertical but lateral 
directions over the dielectric mask pattern. The projec- 
tions of the epitaxially grown nitride-based compound 5 
semiconductor crystal are then grown up and adjacent 
ones thereof become united with each other, followed 
by the main epitaxial growth in the generally upward di- 
rection. 

[0077] Propagation of a majority of the dislocations is 10 
blocked and terminated by the bottom surface of the di- 
electric mask pattern, while propagation of a minority of 
the dislocations is allowed by the gaps of the dielectric 
mask pattern. The minority the dislocations are propa- 
gated to the projections, wherein a change in the prop- 15 
agation direction of a large part of these propagating dis- 
location from the generally vertical direction to the gen- 
erally horizontal direction will appear. This change re- 
duces the number of dislocations propagating in the 
generally vertical direction. Further, when the adjacent 20 
projections of the epitaxially grown nitride-based com- 
pound semiconductor crystal become united with each 
other, a further change in the propagation direction of 
the dislocations from the generally horizontal direction 
to the generally vertical direction will appear. This 25 
change allows a part of the horizontally propagating dis- 
locations to be changed in the propagation direction 
generally upwardly, Consequently, the density of the 
dislocations propagating in the generally vertical direc- 
tion over the dielectric mask pattern is much lower than 30 
the density of the dislocations propagating in the gener- 
ally vertical direction under the dielectric mask pattern. 
These are the mechanism for reducing the dislocation 
density by the dielectric mask pattern. 
[0078] In order to further reduce the dislocation den- 35 
sity, this dielectric mask pattern may preferably be thick 
relative to the gap size, to provide such additional effect 
that most of the horizontally propagating dislocations 
are blocked or terminated by the side walls of the gaps 
of the dielectric mask pattern in addition to the above- 40 
descaibed basic effects or functions by the dielectric 
mask pattern. 

[0079] The technique using the dielectric mask pat- 
tern for reduction in the dislocation density of the nitride- 
base compound semiconductor crystal is disclosed in 45 
US Patent Application Serial No. 10/091,437, which is 
incorporated herein as a reference for enabling a person 
skilled in the art to practice or use these technique in 
combination with the above-described present inven- 
tion. 50 
[0080] In one preferred embodiment, the dielectric 
mask pattern may be formed over the crystal supporting 
substrate before epitaxially growing the nitride-based 
compound semiconductor base layer over said dielec- 
tric mask pattern, whereby the dislocation density of the ss 
nitride-based compound semiconductor base layer is 
reduced by the above-described mechanism. Thereaf- 
ter, the metal layer is formed on the nitride-based com- 




627 A2 18 

pound semiconductor base layer. According to the in- 
vention, the heat treatment is then carried out to form 
the pores in the metal layer and the voids in the nitride- 
based compound semiconductor base layer, followed 
by the initial transient epitaxial growth filling the voids 
and the subsequent main epitaxial growth. 
[0081] For this substrate structure including both the 
dielectric mask pattern and the metal layer for reduction 
of the dislocation density in accordance with the inven- 
tion, the epitaxially grown nitride-based compound sem- 
iconductor crystal over the metal layer is used for for- 
mation of the semiconductor device. This means that 
after the epitaxially grown nitride-based compound 
semiconductor crystal with the reduced dislocation den- 
sity has been obtained, the dielectric mask, pattern, the 
metal layer and other underlying structure under the 
metal layer are not necessarily needed for forming the 
semiconductor device. It is, therefore, possible that after 
the epitaxially grown nitride-based compound semicon- 
ductor crystal has been formed over the metal layer, the 
crystal supporting substrate, the dielectric mask pattern, 
the nitride-based compound semiconductor base layer 
and the metal layer may optionally be removed to form 
a single layered substrate structure of the epitaxially 
grown nitride-based compound semiconductor crystal. 
Known techniques such as etching to persons skilled in 
the art may advantageously be used for the method of 
removing those layers. 

[0082] In another preferred embodiment, the dielec- 
tric mask pattern may be formed over the epitaxially 
grown nitride-based compound semiconductor crystal 
over the metal layer, for further epitaxially growing an 
additional nitride-based compound semiconductor top 
layer over the dielectric mask pattern, whereby the dis- 
location density of the additional nitride-based com- 
pound semiconductor top layer is lower than the dislo- 
cation density of the epitaxially grown nitride-based 
compound semiconductor crystal over the metal layer. 
[0083] For this substrate structure including both the 
dielectric mask pattern and the metal layer for reduction 
to the dislocation density in accordance with the inven- 
tion, the additional nitride-based compound semicon- 
ductor top layer over the dielectric mask pattern is used 
for formation of the semiconductor device. This means 
that after the additional nitride-based compound semi- 
conductortop layer with the reduced dislocation density 
has been obtained, the dielectric mask pattern, the epi- 
taxially grown nitride-based compound semiconductor 
crystal, the metal layer and other underlying structure 
under the metal layer are not necessary for forming the 
semiconductor device. It is, therefore, possible that after 
the epitaxially grown nitride-based compound semicon- 
ductor crystal has been formed over the metal layer, the 
crystal supporting substrate, the nitride-based com- 
pound semiconductor base layer, the metal layer, the 
epitaxially grown nitride-based compound semiconduc- 
tor crystal, and the dielectric mask pattern may option- 
ally be removed to form a single layered auhatrate struc- 



10 



19 EP 1 271 627 A2 20 



ture of the additional nitride-based compound semicon- 
ductor top layer. Known techniques such as etching to 
persons skilled in the art may advantageously be used 
for the method of removing those layers. 
[0084] The shape and size of the dielectric mask pat- 
tern may advantageously be decided in accordance with 
the empirical knowledge of the person skilled in the art, 
if any, in view of the disclosure in US Patent Application 
Serial No. 10/091,437. 

[0085] Throughout the specification and claims, the 
term "nitride-based compound semiconductor" means 
to include any kind of the undoped or doped compound 
semiconductor which contains or includes nitrogen, typ- 
ically gallium nitride based compound semiconductors, 
for example, gallium nitride, aluminum gallium nitride 
and gallium indium nitride. 

[0086] In still another preferred embodiment, it will be 
apparent to a person skilled in the art that some alloys 
may be used for the metal layer. Thus, the above metal 
layer may be made of an advantageously selected alloy, 
provided that nitride of the selected alloy has a lower 
free energy than the nitride-based compound semicon- 
ductor on the grounds described above in detail. 
[0087] Furthermore, it is preferable to utilize a sur- 
factant effect for epitaxial growth over the metal layer 
with a reduced defect or dislocation density of the epi- 
taxiaily grown nitride-based compound semiconductor 
crystal over the metal layer. For example, one or more 
advantageously selected elements capable of exhibit- 
ing a surfactant effect are absorbed onto the surface of 
the metal layer for subsequent epitaxial growth over the 
metal layer of the nitride-based compound semiconduc- 
tor crystal, thereby reducing the defect or dislocation 
density of the epitaxially grown nitride-based compound 
semiconductor crystal over the metal layer. 
[0088] In accordance with the above detailed descrip- 
tion of the invention, it will be apparent to one skilled in 
the art that the invention provides the following advan- 
tageous methods and substrate structures. 
[0089] Accordingly, the invention provides a novel 
method of forming an epitaxially grown nitride-based 
compound semiconductor crystal substrate structure 
free from the above problems. 

[0090] The invention also provides a method of form- 
ing an epitaxially grown nitride-based compound semi- 
conductor crystal substrate structure, wherein at least 
an upper region of the substrate structure has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 
based compound semiconductor devices such as laser 
and light-emitting diodes. 

[0091 ] The invention also provides a method of form- 
ing an epitaxially grown single-layered nitride-based 
compound semiconductor crystal substrate, wherein at 
least an upper region of the single- layered substrate has 
a reduced dislocation or defect density level which is 
generally lower than a minimum-required low density 



range for numerous applications to a variety of ad- 
vanced nitride-based compound semiconductor devic- 
es such as laser and light-emitting diodes. 
[0092] The invention also provides a method of form- 

s ing an epitaxially grown single- layered nitride-based 
compound semiconductor crystal, substrate, wherein 
the entire single-layered substrate generally has a re- 
duced dislocation or defect density level which is gen- 
erally lower than a minimum-required low density range 

10 for numerous applications to a variety of advanced ni- 
tride-based compound semiconductor devices such as 
laser and light-emitting diodes. 

[0093] The invention also provides a method of form- 
ing an epitaxially grown nitride-based compound semi- 

15 conductor crystal substrate structure with such a re- 
duced dislocation or defect density level, without using 
any patterned insulator mask, as generally lower than a 
minimum-required low density range for numerous ap- 
plications to a variety of advanced nitride-based com- 

20 pound semiconductor devices such as laser and light- 
emitting diodes. 

[0094] The invention also provides a method of form- 
ing an epitaxially grown nitride-based compound semi- 
conductor crystal substrate structure with such a re- 

25 duced dislocation or defect density level, without using 
any micro-lithography process, as generally tower than 
a minimum- required low density range for numerous ap- 
plications to a variety of advanced nitride-based com- 
pound semiconductor devices such as laser and light- 

30 emitting diodes. 

[0095] The invention also provides a method of form- 
ing an epitaxially grown nitride-based compound semi- 
conductor crystal substrate structure with such a re- 
duced dislocation or defect density level, without using 

35 any addition, complicated and/or time-consuming proc- 
esses, as generally lower than a minimum-required low 
density range for numerous applications to a variety of 
advanced nitride-based compound semiconductor de- 
vices such as laser and light-emitting diodes. 

40 [0096] The invention also provides a method of form- 
ing an epitaxially grown nitride-based compound semi- 
conductor crystal substrate structure with such a re- 
duced dislocation or defect density level, at relatively 
high yield, relatively low cost, and/or relatively high re- 

45 productivity, as generally lower than a minimum-re- 
quired low density range for numerous applications to a 
variety of advanced nitride-based compound semicon- 
ductor devices such as laser and light-emitting diodes. 
[0097] The invention also provides a method of form- 

50 ing an epitaxially grown nitride-based compound semi- 
conductor crystal substrate structure with such a re- 
duced dislocation or defect density level, without using 
environmentally undesirable processes, e.g. somehow 
dangerous chemicals such as fluorine acid solution and 

55 organic solvents in cleaning process, as generally lower 
than a minimum-required low density range for numer- 
ous applications to a variety of advanced nitride-based 
compound semiconductor devices such as laser and 
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light-emitting diodes. 

[0098] The invention also provides an epitaxially 
grown nitride-based compound semieonduotor crystal 
substrate structure free from the above problems. 
[0099] The invention also provides an epitaxially 5 
grown nitride-based compound semiconductor crystal 
substrate structure, wherein at least an upper region of 
the substrate structure has a reduced dislocation or de- 
fect density level which is generally lower than a mini- 
mum-required low density range for numerous applica- n> 
tions to a variety of advanced nitride-based compound 
semiconductor devices such as laser and light-emitting 
diodes. 

[0100] The invention also provides an epitaxially 
grown single-layered nitride-based compound semicon- '5 
ductor crystal substrate, wherein at least an upper re- 
gion of the single-layered substrate has a reduced dis- 
location or defect density level which is generally lower 
than a minimum -required low density range for numer- 
ous applications to a variety of advanced nitride-based 20 
compound semiconductor devices such as laser and 
light-emitting diodes. 

[0101] The invention also provides an epitaxially 
grown single-layered nitride-based compound semicon- 
ductor crystal substrate, wherein the entire single-lay- 25 
ered substrate generally has a reduced dislocation or 
defect density level which is generally lower than a min- 
imum-required low density range for numerous applica- 
tions to a variety of advanced nitride-based compound 
semiconductor devices such as laser and light-emitting 30 
diodes. 

[0102] The invention also provides an epitaxially 
grown nitride-based compound semiconductor crystal 
substrate structure, free of any patterned insulator 
mask, with such a reduced dislocation or defect density 35 
level, as generally lower than a minimum-required low 
density range for numerous applications to a variety of 
advanced nitride-based compound semiconductor de- 
vices such as laser and light-emitting diodes. 
[0103] The invention also provides a nitride-based *o 
compound semiconductor device formed over an epi- 
taxially grown nitride-based compound semiconductor 
crystal substrate structure free from the above prob- 
lems. 

[0104] The invention also provides provide a nitride- 45 
based compound semiconductor device formed over an 
epitaxially grown nitride-based compound semiconduc- 
tor crystal substrate structure, wherein at least an upper 
region of the substrate structure has a reduced disloca- 
tion or defect density level which is generally lower than so 
a miriianum-required low density range for numerous 
applications to a variety of advanced nitride-based com- 
pound semiconductor devices such as laser and light- 
emitting diodes. 

[0105] The invention also provides a nitride-based 55 
compound semiconductor device formed over an epi- 
taxially grown single-layered nitride-based compound 
semiconductor crystal substrate, wherein at least an up- 
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per region of the single-layered substrate has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 
based compound semiconductor devices such as laser 
and light-emitting diodes. 

[0106] The invention also provides a nitride-based 
compound semiconductor device formed over an epi- 
taxially grown single- layered nitride-based compound 
semiconductor crystal substrate, wherein the entirety of 
the single-layered substrate generally has a reduced 
dislocation or defect density level which is generally low- 
er than a minimum-required low density range for nu- 
merous applications to a variety of advanced nitride- 
based compound semiconductor devices such as laser 
and light-emitting diodes. 

[0107] The invention also provides a nitride-based 
compound semiconductor device formed over an epi- 
taxially grown nitride-based compound semiconductor 
crystal substrate structure, free of any patterned insula- 
tor mask, with such a reduced dislocation or defect den- 
sity level as generally lower than a minimum-required 
low density range for numerous applications to a variety 
of advanced nitride-based compound semiconductor 
devices such as laser and light-emitting diodes. 

EXAMPLE 1 : 

[0108] Asingle crystal sapphire substrate is prepared, 
which has a diameter of 2 inches and a surface with C- 
plane. An undoped epitaxial GaN layer with a thickness 
of 400 nanometers is deposited on the C-plane of the 
single crystal sapphire substrate by MOCVD using tri- 
methyl gallium (TMG) and IMH 3 as source gases. A tita- 
nium film with a thickness of 20 nanometers is formed 
by evaporation on the undoped epitaxial GaN layer. The 
substrate is subjected to an X-ray diffraction measure- 
ment, a result of which is shown in FIG. 3. It is observed 
that the titanium film has a crystal orientation to [0001]. 
[01 09] The substrate is put into a reaction chamber of 
MOCVD system. An ammonia gas containing 20% of H 2 
gas is continuously supplied to the chamber. A heat 
treatment is carried out at 1 050°C for 30 minutes in the 
presence of a gas flow of NH 3 and H 2l whereby the ti- 
tanium film is nitrated to form a titanium nitride film. The 
heat-treated substrate is again subjected to an X-ray dif- 
fraction measurement, result of which is shown in FIG. 
4. It is observed that the titanium nitride film has another 
crystal orientation to [111]. A surface and a section of 
the substrate are observed by scanning electron micro- 
scope (SEM) and which are confirmed as shown in 
FIGS. 5 and 6 respectively. It is confirmed that the sur- 
face of the titanium nitride film has a uniform distribution 
of fine pores at an average distance of approximately 
0.1 micrometers. The undoped epitaxial GaN layer un- 
derlying the titanium nitride film has another uniform dis- 
tribution of voids of depths of at most approximately 400 
nanometers with a generally inverted triangle shape. 
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The undoped epitaxial GaN layer comprises uniform 
distribution of generally triangle-shaped crystal pieces, 
topes of which substantially and mechanically support 
the bottom surface of the titanium nitride film. An ap- 
proximately estimated porosity rate of the voids from the 
SEM photograph of the section of the substrate is about 
65%. 

EXAMPLE 2: 



ends, which are positioned on two center-penetrating 
horizontal lines which are perpendicular to each other. 
It is confirmed that variation in the surface level was 
within ±0.1 micrometers with reference to a reference 
plane. 

EXAMPLE 3: 



[01 1 0] With reference to FIG. 2A, a single crystal sap- 
phire substrate 1 is prepared, which has a diameter of 
2 inches and a surface with C-plane. An undoped epi- 
taxial GaN layer 2 with a thickness of 400 nanometers 
is deposited on the C-plane of the single crystal sapphire 
substrate 1 by MOCVD using trimethyl gallium (TMG) 
and NH 3 as source gases. With reference to FIG. 2B, a 
titanium film 3 with a thickness of 20 nanometers is 
formed by evaporation on the undoped epitaxial GaN 
layer 2. With reference to FIG. 2C, the substrate is put 
into a reaction chamber of MOCVD system. Ammonia 
gas containing 20% of H 2 gas is continuously supplied 
to the chamber. A heat treatment is carried out at 
1 050°C for 30 minutes in the presence of a gas flow of 
NH 3 and H 2 , whereby, the titanium film 3 is nitrated to 
form a titanium nitride film 3'. With reference to FIG. 2D. 
subsequently, without exposing the substrate to an out- 
side atmosphere, the substrate is subjected to further 
epitaxial growth 1 050°C with supplying trimathyl gallium 
(TMG) and NH 3 as source gases to form a GaN film 4 
with a thickness of 2 micrometers over the titanium ni- 
tride layer 3'. 

[01 1 1 ] It is confirmed by microscope and S EM obser- 
vation that a surface of the GaN epitaxial substrate has 
a higher planarity than another GaN epitaxial substrate 
surface which is obtained by using a buffer layer grown 
at a low temperature. 

[01 12] The substrate is cleaved and a section thereof 
is observed by SEM which is shown in FIG. 1 . It is also 
confirmed that voids formed in the GaN base layer 2* 
have been completely filled with a part of the epitaxially 
grown GaN layer 4 which Is grown after the heat treat- 
ment, and also that the epitaxially grown GaN layer 4 
has a high surface planarity. 

[01 1 3] The surface of the substrate is observed by an 
inter-atomic force microscope to measure the pit densi- 
ty, which is 2E6 cm" 2 . It is confirmed that the GaN single 
crystal substrate has a desirable high crystal perfection. 
[01 14] The substrate is further subjected to X-ray dif- 
fraction measurement. It is confirmed that throughout 
the surface of the substrate, the measured full width at 
half maximum of the (0002)-plane diffraction rocking 
curve is approximately 80seconds, while another meas- 
ured full width at half maximum of the (10-1 0)-plane dif- 
fraction rocking curve is approximately 1 30 seconds. 
[0115] The surface roughness of the substrate is 
measured by a surface step measurement at five points, 
for example, center, two sets of diametrically opposite 



[01 1 6] Asingle crystal sapphire substrate is prepared, 

10 which has a diameter of 2 inches and a surface with C- 
plane. An undoped epitaxial GaN layer with a thickness 
of 500 nanometers is deposited on the C-plane of the 
single crystal sapphire substrate by MOCVD using tri- 
methyl gallium (TMG) and NH 3 as source gases. A tita- 

15 nium film with a thickness of 25 nanometers is formed 
by evaporation on the undoped epitaxial GaN layer. The 
substrate is put into a reaction chamber of MOCVD sys- 
tem. Argon gas containing 20% of H 2 gas is continuous- 
ly supplied to the chamber. A first heat treatment is car- 

20 ried out at 1 050°C for 1 0 minutes in the presence of a 
gas flow of Ar and H 2 . Subsequently, a second heat 
treatment is carried out at 1050°C for 30 minutes in the 
presence of a gas flow of NH 3 and H 2 . Thereafter, with- 
out exposing the substrate to an outside atmosphere, 

25 the substrate is subjected to a further epitaxial growth 
at 1050°C with supplying trimethyl gallium (TMG) and 
NH 3 as source gases to form an Si-doped GaN film with 
a thickness of 2 micrometers over the titanium nitride 
layer. 

30 [0117] It i s conf i rmed by microscope and S EM obser- 
vations that a surface of the GaN epitaxial substrate has 
a higher planarity than another GaN epitaxial substrate 
surface which is obtained by using a buffer layer grown 
at a low temperature. 

35 [01 1 8] The substrate is further subjected to X-ray dif- 
fraction measurement. It is confirmed that throughout 
the surface of the substrate, a measured full width at 
half maximum of the (0002)-plane diffraction rocking 
curve is approximately 1 20 seconds. The titanium ni- 

40 tride film is also subjected to X-ray diffraction measure- 
ment. Another measured full width at half maximum of 
the (111)-plane diffraction rocking curve is confirmed 
which demonstrates that the titanium film is nitrated. 
[01 1 9] The substrate is cleaved and a section thereof 

45 is observed by SEM which is shown in FIG. 1 . It is also 
confirmed that voids formed in the GaN base layer 2' 
are completely filled with a part of the epitaxially grown 
GaN layer 4 which is grown after the heat treatment, and 
also that the epitaxially grown GaN layer 4 has a high 

so surface planarity. It is difficult to clarify boundaries of 
void regions filled through observation based on the 
TEM photograph. It is, however, confirmed through the 
TEM observation that the dislocation density is reduced 
to approximately 1 E8 cm" 3 which is much lower than the 

55 dislocation density range of 1E9 cm 3 to 1E10 cm" 3 
which are usually observed by the GaN layer grown by 
MOCVD. This fact demonstrates that the voids are once 
formed and then filled with the epitaxial GaN crystal 
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which is lower in dislocation density than the GaN base 
layer. Considering the known fact that almost no reduc- 
tion of the dislocation density can be obtained by a mere 
heat treatment, if the dislocation density of the GaN 
base layer be reduced through the heat treatment and 
subsequent epitaxial growth, this means that the voids 
are once formed and then filled with the epitaxial GaN 
crystal which is lower in dislocation density than the GaN 
base layer. It is also confirmed that the above growth 
method is good in reproductivity over 10 runs. 

EXAMPLE 4: 

[01 20] A single crystal sapphire substrate is prepared, 
which has a diameter of 2 inches and a surface with C- 
plane. An undoped epitaxial GaN layer with a thickness 
of 500 nanometers is deposited on the C-plane of the 
single crystal sapphire substrate by MOCVD using tri- 
al ethyl gallium (TMG) and NH 3 as source gases. A tita- 
nium film with a thickness of 30 nanometers is formed 
by evaporation on the undoped epitaxial GaN layer. The 
substrate is put into a reaction chamber of MOCVD sys- 
tem. A mixture gas containing 80% of H 2 gas and 20% 
of NH 3 gas is continuously supplied to the chamber. A 
heat treatment is carried out at 1 050°C for 30 minutes 
in the presence of a gas flow of NH 3 and H 2 , whereby 
the titanium film is nitrated to form a titanium nitride film. 
[0121] The substrate is once picked out from the re- 
action chamber and it is confirmed by microscope that 
the titanium nitride film has a generally uniform distribu- 
tion of fine pores similar to what is shown in FIG. 5. 
[0122] Thereafter, the substrate is put into a reaction 
chamber of HVPE system. A mixture gas containing 
NH 3 gas and GaCI gas as source gases is continuously 
supplied to the chamber An epitaxial growth is carried 
out at 1 050°C under atmospheric pressure at a deposi- 
tion rate of 80 micrometers/hour, thereby forming a GaN 
film with a thickness of 300 micrometers over the titani- 
um nitride layer 3'. 

[0123] It is confirmed by microscope and SEM obser- 
vations that a surface of the GaN epitaxial substrate has 
a higher plan arity and a much lower step in surface mor- 
phology as compared to an epitaxial GaN substrate 
which is obtained by using a conventional HVPE selec- 
tive growth using an Si0 2 mask. 

[01 24] The substrate is cleaved and a section thereof 
is observed by SEM. It is also confirmed that voids 
formed in the GaN base layer are completely filled with 
a part of the epitaxially grown GaN layer which is grown 
after the heat treatment, and also that the epitaxially 
grown GaN layer has a high surface planarity. 
[0125] The surface of the substrate is exposed to an 
etching process in a mixture etching solution having a 
temperature of 250°C and including phosphoric acid 
and sulfuric acid for 1 20 min . The surface pit density of 
the etched substrate is measured by SEM. The meas- 
ured pft density is 1 E7 cm" 2 . It is confirmed that the GaN 
single crystal substrate has a desirably high crystal per- 



26 
fection. 

[01 26] The substrate is further subjected to X-ray dif- 
fraction measurement. It is confirmed that throughout 
the surface of the substrate, a measured full width at 

5 half maximum of the (0002)-plane diffraction rocking 
curve is approximately 90 seconds, while another meas- 
ured full width at half maximum of the (1 0-1 0)-plane dif- 
fraction rocking curve is approximately 150 seconds. 
[0127] The surface roughness of the substrate is 

10 measured by a surface step measurement at five points, 
for example, center, two sets of diametrically opposite 
ends, which are positioned on two center-penetrating 
horizontal lines which are perpendicular to each other. 
It is confirmed that variation in the surface level is within 

15 ± o.1 micrometers with reference to a reference plane. 

EXAMPLE 5 : 

[01 28] With reference to FIG . 7A, a single crystal sap- 
phire substrate 1 is prepared, which has a diameter of 
2 inches and a surface with C-plane. An undoped epi- 
taxial GaN layer 5 with a thickness of 1 micrometer is 
deposited on the C-plane of the single crystal sapphire 
substrate 1 by MOCVD using trimethyl gallium (TMG) 
and NH 3 as source gases. With reference in FIG. 7B, 
an Si0 2 film 6 with a thickness of 0.5 micrometers is 
deposited on the undoped epitaxial GaN layer 5 by a 
thermal CVD method. With reference to FIG. 7C, a resist 
is applied onto the Si0 2 film 6. The resist is then sub- 
jected to exposure and subsequent development to 
form a resist pattern. The Si0 2 film 6 is selectively 
etched by the resist pattern as an etching mask to form 
an Si0 2 mask 6 with stripe shape windows having a lon- 
gitudinal direction which is parallel to a direction 
<11-20>, so that parts of the surface of the GaN layer 
are exposed through the windows. Each window has a 
width of 3 micrometers, the distance of the adjacent two 
of the windows having a width of 7 micrometers. With 
reference to FIG. 7D, the substrate is put into a reaction 
chamber of HVPE system. A mixture gas containing 
NH 3 gas and GaCI gas as source gases is continuously 
supplied to the chamber. Epitaxial growth is carried out 
at 1050°C under atmospheric pressure at a deposition 
rate of 80 micrometers/hour, thereby forming a GaN film 
2 with a thickness of 1 00 micrometers over the Si0 2 
mask 6 and the titanium nitride layer 5. In the initial 
growth, the windows of the Si0 2 mask 6 are filled with 
GaN and then the GaN film 2 is grown over the Si0 2 
mask 6. With reference to FIG. 7E, a titanium film with 
a thickness of 30 nanometers is formed by evaporation 
on the undoped epitaxial GaN layer. With reference to 
FIG. 7F, the substrate is put into a reaction chamber of 
MOCVD system. A mixture gas containing 50% of H 2 
gas and 50% of NH 3 gas is continuously supplied to the 
chamber. A heat treatment is carried out at 1 040°C for 
40 minutes in the presence of a gas flow of NH 3 and 
whereby the titanium film is nitrated to form a titanium 
nitride film 2* with voids. With reference to FIG. 7G, the 
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substrate is once picked out from the reaction chamber 
and then placed into the HVPE reaction chamber again. 
A mixture gas containing NH 3 gas and GaCI gas as 
source gases with a dopant of SiH 2 CI 2 is continuously 
supplied to the chamber. Epitaxial growth is carried out 
at 1 050°C, thereby forming an Si-doped GaN film 4 with 
a thickness of 300 micrometers over the titanium nitride 
layer 3*. 

[01 29] The surface of the substrate is observed by an 
inter-atomic force microscope to measure the pit density 
which is 1 E6 cm' 2 . It is confirmed that the GaN single 
crystal substrate has a desirable high crystal perfection. 
[0130] The substrate is further subjected to the X-ray 
diffraction measurement. It is confirmed that throughout 
the surface of the substrate, a measured full width at 
half maximum of the (0002)-plane diffraction rocking 
curve Is approximately 80 seconds, while another meas- 
ured full width at half maximum of the (10-10)-plane dif- 
fraction rocking curve is approximately 110 seconds. 
[0131] The surface roughness of the substrate is 
measured by a surface step measurement at five points, 
for example, center, two sets of diametrically opposite 
ends, which are positioned on two center-penetrating 
horizontal lines which are perpendicular to each other, 
it is confirmed that variation in the surface level is within 
±0.15 micrometers with reference to a reference plane. 

EXAMPLE 6: 

[0132] The GaN epitaxial substrate obtained by Ex- 
ample 5 and shown in FIG. 7G is dipped into a mixture 
solution containing hydrofluoric acid and nitric acid. The 
titanium nitride layer is etched selectively, whereby the 
GaN layer is peeled from the substrate without breaking 
and cracking, resulting in a single-layered GaN sub- 
strate 4 with a thickness of 300 micrometers shown in 
FIG. 7H having been obtained. 

[0133] A chamber of the single-layered GaN sub- 
strate 4 is measured. The measured radius of curvature 
in connection with the chamber of the single-layered 
GaN substrate 4 is about 2 meters. It is confirmed that 
that the single-layered GaN substrate 4 is relatively flat. 

EXAMPLE 7: 

[0134] With reference to FIG. 2A, a single crystal sap- 
phire substrate 1 is prepared, which has a diameter of 
2 inches and a surface with C-plane. An undoped epi- 
taxial GaN layer 2 with a thickness of 400 nanometers 
is deposited on the C-plane of the single crystal sapphire 
substrate 1 by MOCVD using trimethyl gallium (TMG) 
and NH 3 as source gases. With reference to FIG. 8B, a 
titanium film 3 with a thickness of 20 nanometers is 
formed by evaporation on the undoped epitaxial GaN 
layer 2. With reference to FIG. 8C the substrate is put 
into a reaction chamber of an MOCVD system. Ammo- 
nia gas containing 20% of H 2 gas is continuously sup- 
plied to the chamber. A heat treatment is carried out at 



1050°C for 30 minutes in the presence of a gas flow of 
NH 3 and H 2 , whereby the titanium film 3 is nitrated to 
form a titanium nitride film 3'. With reference to FIG. 8D, 
subsequently, without exposing the substrate to the out- 
5 side atmosphere, the substrate is subjected to a further 
epitaxial growth 1 050°C with supplying trimethyl gallium 
(TMG) and NH 3 as source gases to form a GaN film 4 
with a thickness of 2 micrometers over the titanium ni- 
tride layer 3'. With reference to FIG. 8E. an SiO z film 6 
10 with a thickness of 0.5 micrometers is deposited on the 
GaN film 4 by a thermal CVD method. With reference to 
FIG. 8F, a resist is applied onto the Si0 2 film 6. The resist 
is then subjected to exposure and subsequent develop- 
ment to form a resist pattern. The Si0 2 film 6 is selec- 
ts tively etched by the resist pattern as an etching mask to 
form an Si0 2 mask 6 with stripe shape windows having 
a longitudinal direction which is parallel to a direction 
<11 -20>, so that parts of the surface of the GaN layer 4 
are exposed through the windows. Each window has a 
20 width of 3 micrometers, the distance of adjacent two of 
the windows having a width of 7 micrometers. With ref- 
erence to FIG. 8G, the substrate is put into a reaction 
chamber of HVPE system. A mixture gas containing 
NH 3 gas and GaCI gas as source gases is continuously 
25 supplied to the chamber. Epitaxial growth is carried out 
at 1 050° C under atmospheric pressure at a deposition 
rate of 80 micrometers/hour, thereby forming an upper 
GaN film 4 over the Si0 2 mask 6 and the GaN film 4. In 
the initial growth, the windows of the Si0 2 mask 6 are 
30 filled with the GaN and then the GaN film 4 i s grown 
over the SiO s mask 6. 

[0135] The obtained surface of the substrate is ex- 
posed to an etching process in a mixture etching solu- 
tion having a temperature of 250°C and including phos- 
35 phoric acid and sulfuric acid for 120 minutes. The sur- 
face pit densrt of the etched substrate is measured by 
SEM. The measured pit density is 9E5 cm 2 . It is con- 
finned that the GaN single crystal substrate has a de- 
sirably high crystal perfection. 

40 

EXAMPLE 8: 

[0136] The GaN epitaxial substrate obtained by Ex- 
ample 7 and shown in FIG. 8G is dipped into a mixture 

^5 solution containing hydrofluoric acid and nitric acid. As 
shown in FIG. 8H, the titanium nitride layer 3* is etched 
selectively, whereby the GaN layer 4 containing the 
Si02 mask 6 is peeled from the substrate without break- 
ing and cracking. The bottom surface of the GaN layer 

so 4 containing the Si02 mask 6 is polished so that the 
Si02 mask 6 is removed, resulting in a single-layered 
GaN substrate 4 with a thickness of 300 micrometers 
shown in FIG. 81 having been obtained. 
[0137] Although the invention has been described 

55 above in connection with several preferred embodi- 
ments therefor, it will be appreciated that those embod- 
iments have been provided solely for illustrating the in- 
vention, and not in a limiting sense. Numerous modifi- 
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cations and substitutions of equivalent material and 
techniques will be readily apparent to those skilled in the 
art after reading this specification, and all such modifi- 
cations and substitutions are expressly understood to 
fall within the true scope and spirit of the appended s 
claims. 



Claims 

10 

1. A Method of forming an epitaxially grown nitride- 
based compound semiconductor crystal substrate 
structure, said method comprising: 

forming, directly on a nitride-based compound is 
semiconductor base layer, a metal layer includ- 
ing at least one selected from the group con- 
sisting of metals which promote, with assist- 
ance of a thermal energy, removal of constitu- 
tional atoms of said nitride-based compound 20 
semiconductor base layer ; 
forming pores penetrating said metal layer and 
voids in said nitride-based compound semicon- 
ductor base layer with supply of a thermal en- 
ergy; and 25 
epitaxially growing a nitride-based compound 
semiconductor crystal with filling said voids in 
an initial process and subsequently over said 
metal layer in a main process to form an epitax- 
ially grown nitride-based compound semicon- 30 
ductor crystal layer over said metal layer. 

2. The method as claimed in claim 1 , characterized 
in that a nitride of said at least one selected metal 

for said metal layer has a lower free energy level 35 
than the free energy of said nitride-based com- 
pound semiconductor base layer. 

3. The method as claimed in claim 2, characterized 

In that said at least one selected metal includes 77, 40 
Ti-containing alloys, Fe, Ni, Zr, Hf, W, and Pt. 

4. The method as claimed in claim 1 , characterized 
In that said voids have an average depth of not less 
than 1 0 nanometers. 45 

5. The method as claimed in claim 1 , characterized 
In that said voids are formed at a porosity rate in 
the range of 10% to 90%. 

50 

6. The method as claimed in claim 1 , characterized 
In that said metal layer has a thickness of not more 
than 500 nanometers. 

7. The method as claimed in claim 1 , characterized ss 
in that said thermal energy is supplied by a heat 
treatment at a temperature of not less than 700°C. 



8. The method as claimed in claim 7, characterized 
in that said heat treatment is carried out in the pres- 
ence of hydrogen. 

9. The method as claimed in claim 8, characterized 
in that said heat treatment is carried out in the pres- 
ence of a mixture gas containing hydrogen and ni- 
trogen. 

10. The method as claimed in claim 7, characterized 
in that said heat treatment and said epitaxial growth 
process for said nitride-based semiconductor crys- 
tal are carried out in a same reaction chamber se- 
quentially without exposure to open atmosphere. 

11. The method as claimed in claim 1, characterized 
In that said pores are uniformly distributed over 
said metal layer, and said voids are also uniformly 
distributed over said nitride-based compound sem- 
iconductor base layer. 

12. The method as claimed in claim 11 , characterized 
in that said pores are formed in said metal layer at 
an average pore diameter in the order of 0.1 mi- 
crometer and at an average distance between ad- 
jacent twos of said pores in the order of 0.1 microm- 
eter. 

13. The method as claimed in claim 1, characterized 
In that said nitride-based compound semiconduc- 
tor crystal within said voids is lower in dislocation 
density than said nitride-based compound semi- 
conductor base layer over said metal layer. 

14. The method as claimed in claim 1 , characterized 
in that said epitaxially grown nitride-based com- 
pound semiconductor crystal includes a surface re- 
gion which has a dislocation density of 1 E8 cm* 2 . 

15. The method as claimed in claim 14, characterized 
in that said surface region of said epitaxially grown 
nitride-based compound semiconductor crystal has 
a surface planarfty within ± 0.2 micrometers in a 
length order of 500 micrometers. 

16. The method as claimed in claim 14, characterized 
in that, of said surface region of said epitaxially 
grown nitride-based compound semiconductor 
crystal, a full width at half maximum of a (0002)-dif- 
fraction rocking curve and another full width at half 
maximum of a (10-10)-diffraction rocking curve are 
both at most 0.1 degree respectively. 

17. The method as claimed in claim 1, characterized 
in that said surface region of said epitaxially grown 
nitride-based compound semiconductor crystal has 
a C-plane. 
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18. The method as claimed in claim 17, characterized 
in that said nitride-based compound semiconduc- 
tor base layer has a surface generally oriented to 
[0001 ], and said metal layer has a hexagonal crystal 
structure generally oriented to [0001]. 

19. The method as claimed in claim 17, characterized 
in that said nitride-based compound semiconduc- 
tor base layer has a surface generally oriented to 
[0001], and said metal layer has a cubic crystal 
structure generally oriented to [111]. 

20. The method as claimed in claim 1 , characterized 
by further comprising; 

forming said nitride-based compound semicon- 
ductor base layer over a crystal supporting sub- 
strate. 

21. The method as claimed in claim 20, characterized 
by further comprising: 

removing said crystal supporting substrate, 
said nitride-based compound semiconductor 
base layer and said metal layer to form a singie 
layered substrate structure of said epitaxially 
grown nitride-based compound semiconductor 
crystal. 

22. The method as claimed in claim 1 , characterized 
by further comprising: 

forming a dielectric mask pattern over a crystal 
supporting substrate; and 
epitaxially growing said nitride-based com- 
pound semiconductor base layer over said di- 
electric mask pattern. 

23. The method as claimed in claim 22, characterized 
by further comprising : 

removing said crystal supporting substrate, 
said dielectric mask pattern, said nitride-based 
compound semiconductor base layer and said 
metal layer to form a single layered substrate 
structure of said epitaxially grown nitride-based 
compound semiconductor crystal. 

24. The method as claimed in claim 1 , characterized 
by further comprising: 

forming a dielectric mask pattern over said epi- 
taxially grown nitride-based compound semi- 
conductor crystal over said metal layer; and 
further epitaxially growing a nitride-based com- 
pound semiconductor crystal top layer over 
said dielectric mask pattern. 
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25. The method as claimed in claim 24, characterized 
by further comprising: 

removing said crystal supporting substrate, 
said nitride-based compound semiconductor 
base layer, said metal layer, said dielectric 
mask pattern, and said epitaxially grown ni- 
tride-based compound semiconductor crystal 
to form a single layered substrate structure of 
said nitride-based compound semiconductor 
crystal top layer. 

26. An epitaxially grown nitride-based compound sem- 
iconductor crystal substrate structure, comprising : 

a nitride-based compound semiconductor base 
layer having voids; 

a metal layer on said nitride-based compound 
semiconductor base layer, said metal layer in- 
cluding at least one selected from the group 
consisting of metals, a nitride of which has less 
free energy than the free energy of said nitride- 
based compound semiconductor base layer ; 
and 

an epitaxially grown nitride-based compound 
semiconductor crystal layer over said metal lay- 
er and within said pores and said voids, 

characterized In that said epitaxially grown 
nitride-based compound semiconductor crystal lay- 
er is lower in dislocation density than said nitride- 
based compound semiconductor base layer. 

27. The structure as claimed in claim 26, characterized 
in that said voids have an average depth of not less 
than 10 nanometers. 



28. The structure as claimed in claim 26, characterized 
in that said voids are formed at a porosity rate in 
40 the range of 1 0% to 90%. 



29. The structure as claimed in claim 26, characterized 
in that said epitaxially grown nitride-based com- 
pound semiconductor crystal includes a surface re- 
gion which has a dislocation density of 1 E8 cm" 2 . 

30. The structure as claimed in claim 29, characterized 
in that said surface region of said epitaxially grown 
nitride-based compound semiconductor crystal has 
a surface planarity within ± 0.2 micrometers in a 
length order of 600 micrometers. 

31 . The structure as claimed in claim 29, characterized 
In that, of said surface region of said epitaxially 
grown nitride-based compound semiconductor 
crystal, a full width at half maximum of a (0002)-dif- 
fraction rocking curve and another full width at half 
maximum of a (10-10)-diffraction rocking curve are 
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both at most 0.1 degree respectively. 

32. The structure as claimed in claim 26, characterized 
in that said surface region of said epitaxialiy grown 
nitride-used compound semiconductor crystal has 5 
a C-plane. 

33. The structure as claimed in claim 32, characterized 
in that said nitride-based compound semiconduc- 
tor base layer has a surface generally oriented to 10 
[0001 ], and said metal layer has a hexagonal crystal 
structure generally oriented to [0001]. 

34. The structure as claimed in claim 32, characterized 

in that said nitride-based compound semiconduc- is 
tor base layer has a surface generally oriented to 
[0001], and said metal layer has a cubic crystal 
structure generally oriented to [111]. 

35. The structure as claimed in claim 26, characterized 20 
by further comprising : 

a crystal supporting substrate underlying said 
nitride-based compound semiconductor base 
layer. 25 

36. The structure as claimed in claim 35, characterized 
by further comprsing : 

a dielectric mask pattern over a crystal support- 30 
ing substrate and under said nitride-based 
compound semiconductor base layer. 

37. The structure as claimed in claim 35, characterized 

by further comprising : 35 

a dielectric mask pattern over said epitaxialiy 
grown nitride-based compound semiconductor 
crystal over said metal layer; and 
a nitride-based compound semiconductorcrys- 40 
tal top layer over said dielectric mask pattern. 

38. The structure as claimed in claim 26, characterized 
in that said nitride-based compound semiconduc- 
tor is a gallium nitride-based compound semicon- 45 
ductor including gallium and nitrogen, 



A single layered substrate structure comprising an 
epitaxialiy grown nitride-based compound semi- 
conductor crystal, 

characterized in that said epitaxialiy grown 
nitride-based compound semiconductor crystal in- 
cludes a surface region which has a dislocation 
density of 1 E8 cm* 2 . 



a surface planarity within ± 0.2 micrometers in a 
length order of 500 micrometers. 

41 . The structure as claimed in claim 39, characterized 
In that, of said surface region of said epitaxialiy 
grown nitride-based compound semiconductor 
crystal, a full width at half maximum of a (0002)-dif- 
fraction rocking curve and another full width at half 
maximum of a (10-1 0)-diffraction rocking curve are 
both at most 0.1 degree respectively. 



40. The structure as claimed in claim 39, characterized 
in that said surface region of said epitaxialiy grown 
nitride-based compound semiconductor crystal has 
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